Zinc oxide ͑ZnO͒ nanobelts synthesized by thermal evaporation have been ion implanted with 30 keV Mn ϩ ions. Both transmission electron microscopy and photoluminescence investigations show highly defective material directly after the implantation process. Upon annealing to 800°C, the implanted Mn remains in the ZnO nanobelts and the matrix recovers both in structure and luminescence. The produced high-quality ZnO:Mn nanobelts are potentially useful for spintronics. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1645319͔ Diluted magnetic semiconductors ͑DMS͒ are one of the promising materials for spintronics (spinϩelectronics), a proposed technology that uses the electron spin rather than the electron charge for reading and writing informations.
3,4
The integration of DMS materials into today's electronics will require very low dimensions in order to make real use of the advantage offered by the spin, but the majority of the recent studies are focused on bulk materials. Furthermore for the future goal, a doping technique of nanosized structures has to be established, offering precise control of the species in both concentration and lateral position. In this article, we report on the successful combination of ion implantation and semiconducting nanobelts 5 in order to realize a nanosized quasi-one-dimensional DMS for the possible use in spintronics.
Single crystalline ZnO nanobelts have been synthesized by thermal evaporation of ZnO powder at a temperature of 1350°C in a tube furnace under 50 sccm argon gas flow at a pressure of 300 mbar for 1 h. 5 The as-deposited nanobelts onto silicon ͑100͒ substrates at the colder end of the tube have a ribbon shape with uniform geometry and dislocationfree volume; they are up to 100 m long, between 40-500 nm wide, and between 10-40 nm thick, as determined by scanning electron microscopy ͑SEM͒ and investigated in detail elsewhere. 5 Electron dispersive spectrometry ͑EDS͒ revealed the only presence of stoichiometric zinc and oxygen signals. Ion implantation of 55 
Mn
ϩ ions into the ZnO nanobelts were carried out at room temperature with an ion energy of 30 keV and a fluence of 1ϫ10 15 cm Ϫ2 . The corresponding ion range is 16 nm with a straggling of 7 nm, and the corresponding Mn peak concentration is about 1 at. %, as calculated with the program package TRIM. 6 Conventional and high resolution transmission electron microscopy ͑TEM͒ images were obtained using both Hitachi HF-2000 FEG ͑equipped with EDS͒ and JEOL 4000EX electron microscopes operating at an accelerating voltage of 200 and 400 keV, respectively. Annealing of the Mn-implanted ZnOnanobelts was performed for 10-15 min at 800°C under high vacuum conditions (ϳ10 Ϫ5 mbar). Photoluminescence ͑PL͒ investigations were done using a He-Cd laser, a 1 m Cerny-Turner spectrograph, and a photomultiplier.
The overall morphology in size and length of the ZnO nanobelts did not change upon the implantation process, as observed by SEM. On the other hand, the density and structure of the defects introduced into the nanobelts has been investigated in detail using high resolution TEM, as summarized in Fig. 1 . The representative 65 nm wide ZnO nanobelt shown in Fig. 1͑a͒ directly after ion-implantation had a growth direction along the ͓011 0͔ axis, which is evident by the diffraction pattern shown in Fig. 1͑b͒ . A continuous nanosize stacking fault throughout the nanobelt is visible in the middle region and is common for this type of ZnO nanobelts due to the synthesis process. 5 The implanted nanobelt shows a rough edge in contrast to non-implanted nanobelts, which is due to the sputtering of individual surface atoms during implantation. Furthermore, it is obvious that the implantation process created no amorphous areas even with such a high implantation fluence. However, a high density of extended implantation defects ͑stacking faults͒ is clearly visible within the complete nanobelt by the contrast change between dark and bright spots. An estimation of the density results to about 2.5͑Ϯ0.5͒ extended defects per 100 nm 2 , which is about 400 times less compared to the implantation fluence. A detailed back and forth fast Fourier transformation ͑FFT͒ analysis using only the Ϯ͑0002͒ diffraction spots of one representative stacking fault is displayed in Fig. 1͑e͒ , showing that a pair of edge dislocations is created very close to each other within the ͑0001͒ planes. This is due to the presence of a dislocation loop created by the ion implantation process. The appearance of an opposite dislocation pair is very reasonable, because no additional planes can be introduced to the overall lattice with an implantation process. In addition to the planar defects, the areas in-between indicate the presence of point defects like interstitials and vacancies. Figure 1͑c͒ is Fig. 1͑a͒ that shows irregular dark and bright points; and a line scan along an arbitrary chosen ͑0002͒ plane that is displayed in Fig. 1͑d͒ demonstrates also an irregular oscillation. This analysis was done for several areas and planes and always revealed a high density of dark points as indicated by the three arrows in Fig. 1͑d͒ , which might be due to one or more additional interstitial atoms along the TEM beam direction of ͓21 1 0͔. The collision cascade of one single implanted Mn ion creates about 300 vacancies and respective interstitials in bulk ZnO. 6 If we compare this number with our defect densities observed above, we can conclude that the majority of the created defects recombine already by dynamic annealing within the thermal spike following the collision cascade resulting in a very resistant material against irradiation, which is in agreement with Refs. 7 and 8. Such a high dynamic annealing behavior of the ZnO nanobelts is reasonable, because of two factors: ͑a͒ the ZnO material itself has a high bonding ionicity, which forces displaced atoms back into their respective places in the periodic charged lattice by coulomb interaction; and ͑b͒ due to the small size of the nanobelts a further enhancement of the dynamic annealing can be expected by the comparable longer duration for the dissipation of the introduced implantation energy in the confined geometry. 9 Figure 2 shows EDS spectra ͑taken in TEM͒ for one ZnO nanobelt directly after Mn ion implantation ͑top͒ and after annealing to 800°C for 15 min under high vacuum conditions ͑bottom͒, which was performed in situ in the TEM. The Si, C, and Cu signals are originating from the TEM grid, but visible are also the stoichiometric Zn and O signals of the nanobelt as well as the signal of the implanted Mn atoms. The Mn peak intensity is consistent with the desired doping concentration of about 1 at. %. The annealing procedure definitely does not result into an out-diffusion of the implanted Mn, which is not in agreement with Ref. 7 observing the onset of Mn-diffusion in ZnO already at 700°C. The difference is most probably due to the confined geometry as well as the different quality of the ZnO material.
The structure and density of the defects after the annealing procedure investigated with TEM are summarized for comparison in Fig. 3 in the same manner as in Fig. 1 . A representative about 500 nm wide ZnO nanobelt with the same growth direction as the nanobelt show in Fig. 1 reveals a much lower density of defects, as is clearly visible in Fig.  3͑a͒ . An estimation of the average density gives 0.2͑Ϯ0.1͒ extended defects per 100 nm 2 , about one order of magnitude lower than that of the as-implanted sample. On the other hand, it is evident that the dimension of the extended defects increased. The corresponding back and forth fast Fourier transformation ͑FFT͒ analysis of one representative extended defect demonstrate that the pair of edge dislocations are more apart from each other compared to Fig. 1͑e͒, e.g., 11 planes for the case shown in Fig. 3͑d͒ . However, the areas in-between the extended defects are almost perfectly periodic, indicating the removal of the majority of the point defects like vacancies and interstitials. This is evident in both the high-resolution cutout shown in Fig. 3͑b͒ as well as in the respective line scan in Fig. 3͑c͒ showing the regular intensity oscillations of the ͑0001͒ planes.
On this basis, we conclude that the majority of the created implantation defects are removed upon the annealing procedure to 800°C by diffusion of both vacancies and interstitials, in agreement with Refs. 10 and 11. However, some vacancies and interstitials are trapped by the only few remaining edge dislocations or loops resulting into an increased size of the extended defect. Higher annealing temperatures are necessary in order to remove such a type of extended defects; however, a diffusion of the implanted Mn also may occur out of the lattice above 800°C. 10 Our observed results are consistent with studies claiming the com- plete removal of all implantation defects in ZnO and the activation of the implanted species after annealing, 7, 10, 12 because the applied techniques in that investigations are not that sensitive on the observation of defects like TEM used in this study. Anyway, the optical, magnetic, and electrical activation of the implanted species does not require a complete removal of all defects, but a recovery of the majority of the crystal lattice as well as the implementation of the implanted species into the desired lattice sites.
These statements are supported by our PL studies performed on the Mn implanted nanobelts. In our case, the luminescence intensity of the Mn doped nanobelts was suppressed by several orders of magnitude directly after the ion implantation process. However, as shown in Fig. 4 , it is obvious that the luminescence has been completely recovered after the annealing step at 800°C for 10 min and reaches the intensity of the unimplanted control sample. For both samples, the sharp ultraviolet ͑UV͒ emission of the band edge luminescence is clearly visible at 3.36͑Ϯ1͒ eV as well as the corresponding first phonon replica at 3.31͑Ϯ1͒ eV, resulting in a longitudinal optical phonon energy around 60 meV in agreement with Ref. 13 . An additional signal from the implanted Mn ions has been not expected, because Mn does not form any acceptor or donor levels within ZnO. However, a slight difference of the luminescence of the implanted and control sample can be observed for the very weak board green band centered at 510 nm ͑please, note the logarithmic scale of Fig. 4͒ . This luminescence band of deep levels within the band gap originates from defects and has been assigned to oxygen vacancies 14 or incorporated Cu 2ϩ ions 15 and is usually orders of magnitude more intense in bulk thin films. 12, 13 We conclude from our experiment that this green emission results from point defects created upon implantation ͑e.g., vacancies or interstitials͒ and can be annealed out to a large extent.
In view of both the TEM and PL results, the quality of the resulting Mn doped ZnO nanowires is fairly high compared to bulk ZnO films 12, 13 and ZnO nanorods. 16 One of the authors ͑C.R.͒ is grateful for funding by the German Research Society ͑DFG͒ under Grant No. Ro 1198/ 5-1. This research was also funded US NSF NIRT and NASA URETI programs. 
